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ABSTRACT

The Zinkgruvan mining area is located on the south-eastern part of the Bergslagen district, one of the three major
mineral producing regions in Sweden. In this study, we present the results from three (P1, P2 and P8) reflection
seismic profiles each approximately 3000 m-long crossing the Zinkgruvan Zn-Pb-Ag-(Cu) mining area. P1 was
acquired using cabled geophones with 10 m receiver and source interval and crossed major geological features.
The other two profiles (P2 and P8) were acquired by wireless recorders with 20 m receiver and 10 m source
interval and ran perpendicular to P1. Through a special data processing workflow adapted to this dataset, good
quality seismic sections were obtained along these profiles, although a high noise level due to high voltage
electric power lines was present. The interpretations were constrained by (1) seismic P-wave velocity and density
data from a series of downhole logging measurements, (2) 3D forward reflection traveltime modelling in both
pre- and post-stack domains, and (3) other geophysical and geological observations available from the site.
Despite the notably complex geology, the processed seismic sections clearly reveal a series of horizontal to gently
dipping reflections associated with known geological formations. Results indicate that most structures and
lithological contacts dip or plunge to the northeast, including the targeted Zinkgruvan Formation. The results
from this seismic survey are encouraging regarding the potential of the seismic method for base-metal explo-
ration in Sweden and in particular in the Bergslagen district. It shows the high resolving power of the reflection
seismic methods for imaging complex geological structures in a cost-effective and environmentally-friendly way.

1. Introduction

functionality of this chain. Mineral exploration, however, is more
challenging these days. On one hand, the majority of giant deposits at

Mineral resources are used in larger quantities than ever before (Zepf
et al., 2014; Schmidt, 2019) as they are fundamental to our modern
society. Population growth, together with an overall improvement of
living standards, greater levels of environmental awareness and energy
transition towards green technologies, result in global increase in de-
mand for sustainable mineral resources. Exploration is the first step in
the mineral resource cycle and the so-called value chain. Supply of raw
materials to address the increased demand is essential for the full
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shallow depths (<500 m) have already been found and mined out, and
the industry is moving towards deeper and more complex mineral sys-
tems (Humphreys, 2018). On the other hand, the mining sector needs
time-saving, cost-effective, environmentally friendly and socially
acceptable techniques to ensure sustainable access to mineral resources.
To be successful in exploration, a better understanding of the geological
structures and the evolution (tectonic framework) of a mining area is
necessary. Several studies have shown that geophysical methods, such as
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Fig. 1. Geological bedrock map of the Zinkgruvan mining area (modified from Stephens et al., 2009; Jansson et al., 2017) showing the location of the seismic profiles
(grey and red lines), major structures mapped in the area and boreholes shown in this study. The focus of this study is profiles P1, P2 and P8 that are shown in red (see

inset figure). Note parts of P2 and P8 overlap.
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Fig. 2. Regional stratigraphic column of the Zinkgruvan mining area. The column is based on Jansson et al. (2017, 2018) and drill holes 2726 and 3391 (Fig. 1). The
stratiform Zn-Pb-Ag-(Cu) mineralization is hosted in the Zinkgruvan Formation. However, this regional stratigraphic column is not fully representative for the
Zinkgruvan Formation since it is based on only two drill holes that do not intersect the main ore-baring horizon.
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Fig. 3. Seismic source and various receiver types used during the Zinkgruvan acquisition (November 2018). (a) Arial photo of the 32 t vibrator along profile P1. (b)
SERCEL 428 cabled system, (c) CUBE wireless data recorders, and (d) Sercel UNITE wireless 1C recorders where possible geophones were planted in the bedrock to

obtain higher S/N data.

Table 1
Zinkgruvan seismic data acquisition parameters (Fall 2018) of the main profiles
(P1, P2 and P8) discussed in this study.

Profiles P1 P2 P8
parameter
Type 2D crooked line 2D straight line (along a power
line)
Data recorder SERCEL Wireless Wireless UNITE
428UL FDU CUBES
No. of active 425-1C 165-1C 138-1C
receivers
Receiver 10m 20m 20 m
spacing
Geophone 28 Hz 4.5 Hz Mixed 4.5 Hz (66 rec. south)
and 10 Hz (72 rec. north)
Source TU Bergakademie Freiberg 32 t vibrator
Sweep 10-150 Hz, 17 s long, 3 sweeps per shot location
parameters
No. of source 243 288 129
position
Source spacing 10m 10m 10m
Profile length 3500 m 3000 m 2800 m
Nominal fold 212 165 138
Sampling 1 ms 1.25 ms 1.25 ms south
interval 1 ms north

seismics and electromagnetics, can provide important information about
geological structures hosting mineral deposits. Reflection seismics has
the potential to support mineral exploration either by directly imaging
mineral deposits at depth (Schmidt, 1959; Kehrman, 1980; Juhlin et al.,
1991; Eaton et al., 2003 and the references therein; Malehmir and Bel-
lefleur, 2010; Malehmir et al., 2012a; and Malehmir et al., 2020 and the
references therein; Ahmadi et al., 2013; Buske et al., 2015 and the ref-
erences therein; Singh et al., 2019) or by defining faults and structures
that control or host mineral deposits (Gupta, 1971; Adam et al., 1992;
Milkereit and Eaton, 1998; Manzi et al., 2012; and Manzi et al., 2019;
Alaei and Torabi, 2017; Malehmir et al., 2017a; Donoso et al., 2019;
Markovic et al., 2019). Nowadays, with the advancement in data
acquisition and processing technologies, high-resolution seismic surveys
in mining environments have been effective in imaging even complex
geological structures (Ruskey, 1981; Wu et al., 1995; Tryggvason et al.,
2006; Malehmir et al., 2012b, 2018; Zhao et al., 2018).

On this front, and facing an up-scaling challenge, the EIT Raw-
Materials funded project SIT4AME (Seismic Imaging Techniques for
Mineral Exploration) was launched involving several European In-
stitutions. As part of this project a dense multi-method seismic dataset
was acquired in November 2018 in the Zinkgruvan mining area at the
Bergslagen mineral district of Sweden, which hosts one of the largest
volcanic-hosted massive sulphide (VMS) deposits in the country.

The main objectives of this study are to address: (1) how seismic
imaging can contribute to improve the understanding of the subsurface
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Fig. 4. Example shot gather at the same position but using four different length vibrator sweeps. Sweep length (a) 16 s, (b) 17 s, (c) 18 s and (d) 20 s. Black arrows
show reflections (R2 and T1) observed during the source parameter test. Encapsulated figures show the corresponding amplitude spectrum (normalised to one shown
for 0-300 Hz) for each sweep length. A sweep frequency bandwidth of 10-150 Hz was used in all these tests. A sweep length of 17 s was considered as optimum for

the survey.

geological structures in this complex setting and (2) how effectively
seismic reflections can be correlated to local geological structures that
are mapped on surface geological map and borehole data. Apart from a
dedicated survey setup, our interpretation benefits from 3D reflection
traveltime modelling performed on both shot gather and unmigrated
stacked sections. This helps to better control on the 2D profiles crook-
edness and potential out-of-the-plane features (Ayarza et al., 2000;
Dehghannejad et al., 2010). This study provides important constraints
on the structure of the area by linking some near-surface reflections to
outcropping rock units (Jansson et al., 2017, 2018) and to downhole
logging data. We show how the seismic data can shed light on key
geological structures that host the mineralization and may define re-
gions where deep targeting is achievable in future exploration programs.

2. Geological background
2.1. Bergslagen region

Zinkgruvan is located in the Bergslagen mineral district of the Fen-
noscandian Shield, known for its vast and diverse mineral resources and
complex tectonic history (Gaal and Gorbatschev, 1987; Stephens et al.,
2009; Beunk and Kuipers, 2012; Buntin et al., 2019). Bergslagen (central
Sweden) lies at the south-western part of the Svecofennian (or Sveco-
karelian) orogen and is well-known for its over 6000 mineralization
occurrences and prospects. Fe-oxide deposits make up the majority of
the metallic mineral deposits, whereas polymetallic (primarily massive
sulphides) deposits are subordinate (Allen et al., 2003). Three poly-
metallic sulphide mines are currently in operation in the Bergslagen
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Fig. 5. Three shot gather examples from P1, P2 and P8, with their corresponding frequency spectrum normalised to one and shown for 0-200 Hz. (a-c) Raw and
(d-f) processed shot gathers highlighting clear reflections marked by the black arrows. Note the dominant 50-Hz noise recorded in all of the shot gathers. Along P8,
the 50 Hz noise is much more sever, as this profile is adjacent to a major power line.

district: the Zn-Pb-Ag-(Cu-Au) deposit of Garpenberg, the Zn-Pb-Ag
deposit of Lovisagruvan, and the Zn-Pb-Ag- and Cu deposit of Zink-
gruvan. The latter is the focus of our study.

Most surface rocks in the Bergslagen mineral district are of Sveco-
fennian age (1.91-1.79 Ga). However, the westernmost part is situated
in the frontal part of the Sveconorwegian orogen (1.0-0.9 Ga) (Stephens
et al., 2009; Fig. 1). Beunk and Kuipers (2012) defined four successive
tectonic phases that have deformed the Bergslagen region. These are: (1)
continental rifting associated with bimodal magmatism in continental
back-arc basins, associated to 1.91-1.89 Ga (D7), (2) closure of the rift(s)
by upright tight to isoclinal folds (D>), stage completed around 1.86 Ga,
(3) renewed rifting (D3) with deposition of argillites, conglomerates and
submarine basalts in restricted rift basins, estimated between 1.87 and
1.84 Ga, and (4) intense buckling and folding of west Bergslagen along
variably but generally steeply plunging folds, associated to 1.82-1.79 Ga
(D4). The southern part of Bergslagen presents prominent dolerite dykes
as wide as 1000 m that are visible on the surface. These dykes have a
strike of WNW-ESE, and a strong dip component (60°), as they have been
inferred from airborne magnetic data (Stephens et al., 2009). Beunk and
Kuipers (2012) associated the dolerite dykes to an extensional event
between the D2 and D4 phases (1.86-1.85 Ga).

2.2. Zinkgruvan mining area

Zinkgruvan Mining AB, a subsidiary company of Lundin Mining

Corporation, mines the deposit. Zinkgruvan is currently the southern-
most underground mine in Sweden and produces concentrates of Zn, Pb
and Cu. The deposit has previously been referred to as “Ammeberg-type”
(Geijer, 1917), and more recently as “stratiform ash-siltstone-hosted Zn-
Pb-Ag sulphide deposit (SAS-type)” (Allen et al., 1996). Like most
metallic deposits in the district, it is spatially associated with hydro-
thermally altered felsic volcanic rocks (rhyolitic to dacitic), marble,
skarn and metasedimentary rocks.

The stratigraphic setting of the Zinkgruvan deposit (Fig. 2) has been
described in detail by Hedstrom et al. (1989), Allen et al. (1996) and
Kumpulainen et al. (1996), among others. Jansson et al. (2017) defined
the Zinkgruvan Formation as the region compressed between the
’Mariedamm volcanic unit’ and the ’Vintergolen Formation’ of the
informally referred as the ’Emme Group’ (Hedstrom et al., 1989; Kum-
pulainen et al., 1996). The Zinkgruvan Formation is a succession of grey,
mainly fine-grained, biotite-bearing quartz-feldspathic rocks (the met-
atuffites unit), calc-silicate units and marble (Fig. 2). The stratiform Zn-
Pb-Ag-(Cu) mineralization is hosted in the dolomite marble of the
Zinkgruvan Formation (Jansson et al., 2017).

The tectonic setting of the Zinkgruvan deposit is complex as it is
characterised by a multiphase deformation history (Fig. 1). Repeated
deformation during the Svecofennian orogeny includes later N-S folding
defining a series of vertical folds that affect previous E-W structures
(Hedstrom et al., 1989; Jansson et al., 2017). Due to stratigraphic
inversion, youngest stratigraphic units are located mainly southwards of
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Table 2

Processing steps for the reflection seismic datasets of P1, P2 and P8, Zinkgruvan.
1 Prepare SEGY-files (vertical stack)
2 Cross-correlation (theoretical sweeps)
3 Geometry set-up:

P1: Wiggly CDP 5 m bin size
P2: Wiggly CDP 10 m bin size
P8: Linear CDP 10 m bin size

4 Picking first arrivals
5 Median filter
6 Refraction and elevation correction:

P1: Datum: 190 m, replacement velocity 5500 m/s
P2: Datum: 185 m, replacement velocity 5500 m/s
P8: Datum: 190 m, replacement velocity 5500 m/s

7 Trace editing
8 Remove 50 Hz noise:
Notch filter at 50 Hz
9 Band-pass filter: 10-30-120-150 Hz
10 Spectral equalization: 20-40-100-140 Hz
11 Remove first arrival energy
12 Residual statics (looped)
13 Velocity analysis
14 NMO corrections:
50% stretch mute
15 Stack
16 Post-stack coherency enhancement (Fx-deconvolution)
17 Migration:
Finite-difference using a constant velocity 6000 m/s
18 Time-to-depth conversion using 6000 m/s

the mine. Besides folding, the area is also affected by mainly left lateral,
NNE-SSW trending strike slip faults, all showing a northward displace-
ment of the eastern limb. Due to the prominent Knalla fault, which cuts
across the area, the mining area is divided into two large blocks, the
Knallagruvan in the west and the Nygruvan in the east (Fig. 1).

3. Data acquisition

In November 2018, a dense seismic dataset was acquired in the
Zinkgruvan mining area (Fig. 1) in a joint collaborative approach among
Swedish, Spanish and German Institutes under the SIT4ME project. A
dense array of 2D profiles in an area of approximately 6 km?, crossing
habitant areas and forest, was acquired using a 32 t seismic vibrator
provided by TU Bergakademie Freiberg (Fig. 3a). Signal penetration was
generally good for deep imaging in such a noisy mining environment.
Approximately 1300 receiver positions (10-20 m apart), using different
types of recorders (Fig. 3b-d), with a variation of recording parameters,
and 950 source positions were surveyed. As the main objective was to
cover as large area as possible, and considering the limited number of
receivers available for this study, a 20 m receiver spacing was used for
all the seismic profiles, with the exception of profile P1 that had a 10 m
receiver spacing. Due to the great number of receivers needed for the
survey, and the limited number of geophones with similar natural fre-
quency, we were on the necessity to use receivers with geophones of
different natural frequencies and with different recording parameters
(Table 1). Therefore, a combination of geophones with different fre-
quencies were used, where the geophones with higher natural frequency
(28 Hz) were used along P1, and consequently compensated with the 10
m receiver spacing along this profile. For P2 and P8 lines, a lower nat-
ural frequency (4.5-10 Hz) and a receiver spacing of 20 m was used
(Table 1). Each source point consisted of three linear 10-150 Hz up-
sweeps and a sweep length of 17 s. The spurious frequency of the geo-
phones is 160-180 Hz (according to their manufacturers) and this is
consistent with the upper sweep frequency (150 Hz) used in the survey.
Sweep parameters were chosen after a careful study prior to the main
survey and will be discussed later in the paper. Table 1 lists the main
acquisition parameters of the seismic survey.

The profiles were designed, where logistically possible, to be
perpendicular to the main geological structures so some key lithological-
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structural boundaries (e.g., Zinkgruvan Formation) could be imaged.
Shot points and receivers were positioned along available forest tracks
resulting in a crooked geometry for some of the profiles (Fig. 1). For
safety purposes, source locations in the vicinity of buildings and national
roads had to be skipped. While 10 profiles were acquired (named
P1-P10), this work focuses on the data obtained from P1, P2 and P8 due
to the good reflectivity featured, essential to study key geological
structures of the surveyed area.

P1, a NE-SW trending 3500 m-long seismic profile, extends from
Isésen to Dalby faults, and crosses over the main NS folding and the
Knalla fault (Fig. 1). A fixed spread of 425 active/live channels formed
this profile. 28 Hz vertical geophones (Fig. 3a, b) at 10 m spacing were
setup along this profile with the main aim to allow live data quality
control while the data acquisition was progressing along all other pro-
files, as it will be shown later. Along P2 (ca. 3000 m-long) and P8 (ca.
2800 m-long), 165 and 138 wireless recorders were used, respectively.
For P2, 4.5 Hz vertical-component geophones (Fig. 3c) were used. P8
used 72 vertical-component 10 Hz geophones on the NS continuation of
P2 (Figs. 1 and 3d) forming a rather straight NS profile. Both P2 and P8
had 20 m receiver spacing. Data were recorded at 1 ms sampling interval
along P1 and P8, and 1.25 ms sampling interval along P2, due to the
sensor used for this line (Table 1). The latter data along P2 were later
resampled to 1 ms to be able to merge them with the data from the
northern portion of P8.

Almost all receiver positions were accurately surveyed using a real-
time kinematic DGPS (Differential Global Positioning System) device.
However, at places where good quality GPS signal was not available (e.
g., in dense forests), the Swedish national LiDAR (light detection and
ranging) database was used for determining the elevation. The dense
forest or vegetated areas can particularly be troublesome when
measuring the elevation of the receiver points, due to the low quality
(scattering issues) GPS signal reception. However, a comparison be-
tween surveyed positions and LiDAR data was done for quality control
estimations of elevation. Errors were found to be less than 10 cm even in
forests and densely vegetated places.

3.1. Sweep parameter tests

High-resolution imaging is essential to delineate most geological
structures and to take advantage of fine-scale geological knowledge in
mining areas. Designing a high-resolution survey implies careful
consideration of receiver spacing, fold-offset coverage, source type and
frequencies emanated to study the subsurface. All of them are key pa-
rameters that depend on the goal of the investigation. In order to choose
the optimum seismic source, we first performed a test along P1 to
compare a Bobcat-mounted 500-kg drophammer (Urosevic et al., 2009;
Place et al., 2015; Malehmir et al., 2017b) with a 32 t seismic vibrator.
After a few shots at the same position, it was clear that the drophammer
was too weak in this area, as the signal did not reach even half of the
spread judged from the quality of the first breaks. The vibrator truck,
however, showed a much stronger response and its energy was recorded
in the entire spread (of ca. 4000 m), as demonstrated by the quality of
the first breaks.

After this initial comparison, the source parameter tests focused on
the frequency ranges and sweep lengths of the vibrator. While the source
is capable of operating from low (e.g., 7 Hz) to high (e.g., 250 Hz) fre-
quencies, the large number of survey days and the geophones natural
frequency (10 Hz) led us to choose sweep frequencies between 10 and
150 Hz. Tests, using 60-70% of the vibrator drive force and higher
frequencies (up to 180 Hz), were also done. However, the main focus
was put on the sweep length. Four different sweep lengths (i.e., 16, 17,
18 and 20 s) were tried and compared with each other. Fig. 4 shows this
comparison after cross-correlation with the theoretical sweeps.

While the four sweeps appear to provide a similar image, a careful
look at the first breaks and at two reflections (R2 and T1) helped to
decide which sweep length was optimal for the survey. The 17 s sweep
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length shows a sharper R2 reflection and good signal penetration at far
offsets. The sweep length of 18 s was also judged to be suitable,
particularly when imaging reflection T1. For the 20 s sweep, the source
generated strong surface waves signal and, therefore, it was hence

excluded. The 16 s sweep was also excluded due to the signal attenua-
tion at longer offsets and at depth (>0.75 s). The choice of the 17 s sweep
length was made after considering the large number of planned shot
points (more than 950 shot points, ~3000 sweeps). However, an 18 s
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sweep length would have also produced high quality data.
4. Data processing

Seismic profiles were designed to cover all of the Zinkgruvan mining
area, particularly north of the mineshaft, where the mineral potential is
thought to be higher. All forest tracks and trails were used in the survey,
particularly if they could host source positions. Sometimes this resulted
in significant amounts of noise due to their proximity to the power lines
and/or roads. Reflections in raw shot gathers were sometimes difficult to
identify due to, for example, power line induced electromagnetic noise.
An example is shown in Fig. 5a-c. A 50 Hz noise is evident in many shot
gathers, particularly along P8 (Fig. 5c). However, raw shot gathers along
P1 (Fig. 5a) show greater potential for high-resolution imaging. Several
reflections within the shallow subsurface plus a deep reflection at
700-800 ms are observed. Shot gathers along P2 (Fig. 5b) present a low
signal-to-noise ratio (S/N) for the first 66 receiver positions due to the
proximity to the power line and a much better resolution at the northern
part of the profile. Data processing was particularly challenged by the
low S/N along these parts of P2 and P8.

The processing flow (Table 2) started with cross-correlating the raw
data with the theoretical sweep. The geometry of the shots and receivers
including CMP or CDP (common mid/depth point) was added to the
seismic traces. Refraction and reflection residual statics, notch filter and
normal moveout (NMO) corrections had the greatest influence on the
processed stacked sections. Good refraction statics were key in the

processing workflow given the varying topography and likely different
depth to bedrock along the profiles. Refraction statics required accurate
picking of the first breaks. Accordingly, first breaks were picked care-
fully by examining and tuning all the automatically and manually
generated picks. The importance of the refraction static correction was
evident after observing the improved continuity of the first arrivals and
the enhanced coherency of later reflections. After applying a notch filter,
designed to remove the 50 Hz harmonic noise, some improvements were
made in the seismic records of P2 and P8 (Fig. 5d—f). To further enhance
the S/N, a median filter using a velocity of 2500 m/s was applied to
attenuate the source-generated shear waves. Then a broad band-pass
filter was applied to the data keeping frequencies between 30 and
120 Hz. This partly removed some of the surface-waves but a strong
portion remained. To make sure surface-waves would not stack in, a
spectral equalization filter was applied between 40 and 100 Hz to reduce
their energy signal in the shot gathers. Later a top-mute function, using
the first breaks, was used to make sure first arrivals would not leak as
steep events in the final stacked section. Fig. 5 shows shot gathers before
and after the various processing steps (i.e. refraction statics, notch filter,
median filter and trace editing), demonstrating that the pre-stack pro-
cessing workflow clearly enhanced the reflections in all of the three
profiles. The processing workflow did not intend to preserve low fre-
quencies generated by the source in this current work, as surface-waves
remained dominant and difficult to attenuate without filtering fre-
quencies below 40 Hz. Future research could take an approach and
develop solutions to remove surface-waves without any frequency-type
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filtering procedure (e.g., Balestrini et al., 2020).

The quality of the unmigrated stacked sections was related to the
velocity used for NMO corrections. The dipping reflections stacked
coherently with high NMO velocities, while lower NMO velocities were
used to stack sub-horizontal reflections. Generally, the application of dip
moveout (DMO) allows crossing steeply and gently dipping reflections
to stack simultaneously. However, for this dataset, we were unable to
obtain a clear image of the dipping reflections with the application of
DMO. This may be due to (1) reflections might come from out-of-the-
plane features, (2) irregular shot spacing, and (3) the crookedness of
the profiles, which makes the offset distribution irregular, a prerequisite
for a successful DMO-based imaging (Deregowski, 1986; Juhlin et al.,
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section, however, shows a set of reflections (e.g., R1-R2, T1-
T2 and S2). Note that reflection labels are identical
throughout the paper as they represent the same geological
features, which are modelled in all the three seismic profiles
(P1, P2 and P8). This means that if modelled traveltimes
match the reflections in P8, they also do match them along P1
and P2.
—_
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2010).

In theory, if the reflections are originated within-the-plane of the
profiles, the migration (when correct velocity is used) process should
locate them at their correct spatial position, and with their corre-
sponding true dips. We used a finite-difference algorithm for the
migration that was followed by a depth conversion using a constant
velocity of 6000 m/s, which is an average velocity extracted from sonic
logs (shown later) in the area. Fig. 6a and 7a present P1 and P2 unmi-
grated stacked sections, respectively, and Fig. 6e and 7e the same sec-
tions after the migration. Along P1 (Fig. 6e), reflections appear to be
straight (e.g., R1 and R2) whereas along P2 they present a change of dip,
having a curved shape. This could be related to the crookedness of the
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Fig. 10. Unmigrated stacked section of the eastern part of P1 and the northern part of P2 merged at their intersection point. Different reflections (e.g., R1-R2, T1-T2)
traveltimes match better in the unmigrated section showing how they have been consistently imaged in these profiles. This figure also illustrate that all these re-
flections have an apparent dip in their corresponding profile and that the true dip is to the NE.

Table 3
Main reflectors and their geometry as determined from the 3D reflection trav-
eltime modelling.

Reflector Strike® Dip Distance (m)" Depth (m)“ Rank
S1 40 80 2000 1
R1 320 20 320 1
R2 320 20 620 1
R3 270 30 866 1
R4 270 30 1155 2
T1 275 20 1965 3
T2 275 20 2965 3
S2 45 25 1930 2

# Considering north as reference.

b Distance refers to longitudinal from an arbitrary model origin (Reference
point in Fig. 11) to the closest point on the reflector’s surface trace.

¢ Depth refers to vertical depth below the surface at the origin of the model.

4 Rank indicates confidence in the identification; 1 = definite and validated
from VSP data, 2 = probable and 3 = highly speculative.

survey line and the slalom CDP line defined for the processing. To
carefully study the effect of a straight or slalom CDP line choice, we
tested these scenarios along P2 (Fig. 8). The slalom CDP line (Fig. 8b)
fails to identify the shallowest reflections (S1), which are sharply visible
in the straight CDP line stacked section (Fig. 8a). Obviously, some of the
reflections change their dip (e.g., T1) and character. Nevertheless, the
slalom CDP line appears to image more reflections (e.g., R3 and R4), and
more continuous (e.g., R1 and T2). Slalom CDP geometry was therefore
used for the data along P1 and P2, while for P8 a straight S-N trending
CDP line was used (Fig. 9). Because P8 was defined as a straight NS line,
a straight CDP line was an obvious choice.

5. 3D reflection traveltime modelling and borehole data

Due to the complex geology in the Zinkgruvan mining area, one can
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assume that some of the observed reflections on the profiles may come
from out-of-the-plane. Even if they are not, due to the crookedness of the
lines, it is impossible to capture their true geometry using only a set of
2D profiles. 2D migration process will only migrate properly those re-
flections that lay completely within-the-plane of the profiles and will not
be accurate for out-of-the-plane reflections (Herron, 2016; Malehmir
etal., 2017a; Herron and Smith, 2019). Moreover, along P8 (Fig. 9a), the
main reflections occur at the edges of the stacked section with inward
dips and therefore they will migrate outside of the section. An example is
reflection F that even though it is observed on the shot gathers and stack
along P1 (Fig. 6a—d), after the migration process, this reflection migrates
outside of the section (Fig. 6e), because it does not continue under the
migrated section and rather a feature imaged beyond the horizontal
length of the section. This is an advantage of post-stack imaging algo-
rithms allowing such a feature to be seen and if necessary kept by
padding the data. Once noted, obviously pre-stack imaging algorithm
can also use the same approach.

When comparing seismic data from crossing profiles, unmigrated
stacked sections are the best, as reflections should match in time.
However, this would not be the case when data are migrated, even if pre-
stack time or depth migration is used (Herron and Smith, 2019). As an
example, reflection T1 is observed at approximately 800 ms on the NW
side of P1 in the unmigrated stacked section (Fig. 6a), and at similar
traveltimes in P2 (200 CDPs; Fig. 7a). This is not the case when the
migrated sections are compared, as both sections do not feature a true
dip of the reflection (Fig. 10). Accordingly, and due to the short offsets in
P8, we will only use the unmigrated section for this profile.

In order to extract information on the 3D orientation of the most
prominent observed reflections, both on the shot gathers and unmi-
grated stacked sections, 3D reflection traveltime modelling was carried
out using the true acquisition geometry of the profiles and the CDP lines.
A planar surface with specific dip, strike and distance from the profile
was assumed for every reflector during the modelling. Then we calculate
the traveltimes to this interface using a constant velocity of 6000 m/s for
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Fig. 11. Surface projection of the 3D traveltime modelled reflectors onto (a) the geological map and (b) the total-field aeromagnetic map of the Zinkgruvan mining
area. Most of the modelled reflections correlated well with the magnetic lineaments representing various lithological boundaries. The thick circle at the eastern end of
P1 marks the point to which the distances are referred to in Table 3. (c) Overview of the R1 and R1’ reflections with respect to the main Zinkgruvan Formation
defined by Jansson et al. (2017). The Geological Survey of Sweden (SGU) has provided aeromagnetic data. The geological map is modified from SGU database and

Jansson et al. (2017) interpretations.

the media, as this is consistent with the velocities observed in the first
arrivals, NMO and sonic logs. The geometry of the planar surface (i.e.,
dip and strike) is changed until the calculated 3D reflection traveltimes
fit the observed traveltimes on both the shot gather and the stacked
section (Ayarza et al., 2000). Fig. 6¢,d, 7c,d and 9c,d show examples of
fitting traveltimes, calculated by following Ayarza et al. (2000) method,
for the most prominent reflections (S1, R1, R2, T1 and T2) on both shot
gathers and unmigrated stacked sections for P1, P2 and P8, respectively.
The final results (e.g., strike and dip of the potential reflector) of the
reflection traveltime modelling are summarised in Table 3. The 3D
traveltime modelling work does not generate synthetic traces although
this is possible by 1D-convolution. The fact that the same modelled re-
flectors match the traveltimes of observed reflections in both shot
gathers and unmigrated stacked sections in all the three profiles pro-
vides a certain level of confidence about the uniqueness and correct
geometry of the modelled surfaces. This also implies that the velocity of
6000 m/s used for migration and time-to-depth conversion is a good
choice and not far from reality.

From the traveltime modelling study on the shot gathers and on the
unmigrated stacked sections, we determine that most of the reflections
(e.g., R1-R4, and T1-T2) originate from the southwest of the profiles,
strike ~ E-W to NW-SE, and dip between 20° and 30° to the northeast
(Figs. 6-10 and Table 3). On the other hand, S1 and S2 come from
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features striking NE-SW and dipping to the SE. Reflector S1 appears to be
located between P1 and P2, as shown in Fig. 10. The reflection trav-
eltime modelling also supports this, as only the shot gathers located on
the western end of P1 are able to image this reflector. Similarly, only a
few first shot gathers along the first 140 CDPs (1400 m) of P2 show S1.
The surface projections of the deepest reflections (i.e., T1 and T2) seem
to correlate with clear magnetic lineaments from mafic to ultramafic sill-
like intrusions or diorite dykes, as observed in the geological and mag-
netic field map (Fig. 11). Considering that the gentle dip of T1 and T2
reflections (Table 3) and that they do not seem to crosscut shallower
reflections (as shown in Figs. 8-10), we associate their origin with lava-
flows (mafic-ultramafic volcanic intrusions) within the stratigraphy, as
they are abundantly seen in the geological map concordant with the
overall stratigraphy. Reflections R1 and R2 correlate with the main
Zinkgruvan Formation defined by Jansson et al. (2017), where R1
crossing P1 and P2 at the south-western and R1’ is visible in the middle
of P1 (Fig. 11).

To further constrain the interpretation of the nature and origin of the
reflections, a limited number of downhole logging data, provided by
Zinkgruvan Mining AB, were used. As P8 reflections migrate outside of
the stacked section, we decided to focus on downhole logging data that
cross profiles P1 and P2. Density and sonic logs (BH3991, BH2710 and
BH2726), as well as the acoustic impedance calculated from these, were
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Fig. 12. Example of downhole logging data from three boreholes (from west to east; see Fig. 1) (a) BH3991, (b) BH2726, and (c) BH2710 in the Zinkgruvan mining
area. Reflection time series were calculated from the acoustic impedance, and synthetic traces were generated by convolving the reflection time series with a 60 Hz
Ricker wavelet. The different formations (Fig. 2) have been correlated using the dashed lines between the boreholes. As illustrated here, the Zinkgruvan Formation
should be reflective both on its hanging- and footwalls due to the sharp acoustic impedance contract changes. Zinkgruvan is the main host of the mineralization in the
study area. V: Vintergolen Formation; Z: Zinkgruvan Formation; M: Mariedamm volcanic unit.

considered. From the acoustic impedances, the reflection time series
were calculated, and then synthetic traces were generated by convolving
the reflection series with a 60 Hz Ricker wavelet (Fig. 12). These bore-
holes cross the Zinkgruvan Formation and part of the Mariedamm vol-
canic unit. Fig. 12 displays a complete set of the downhole logging
measurements from the three boreholes. As stated before, average ve-
locities down to 1200 m depth are around 6000 m/s. The standout
feature in these logs is, however, the increase in the acoustic impedance
at the boundary between Mariedamm and Zinkgruvan thus making the
boundary a potential source of reflectivity. Also, the Zinkgruvan For-
mation shows alternating lithologies that result in an increase on the
acoustic impedance contrast and, therefore, a strong seismic response
(Fig. 12). This is due to interbedded layers of marble and skarn, where
the zinc mineralization is present (Jansson et al., 2017, 2018; Fig. 2).
The acoustic impedance decreases sharply at the boundary between the
Zinkgruvan and Vintergolen formations making this boundary also an
important source of reflectivity. Amphibolite intrusions also present
high-acoustic impedance, and strong seismic response, but those are
often localised, and can be found along the entire Zinkgruvan Forma-
tion. If amphibolites are thick enough, they can potentially be reflective
and complicate the interpretation of the seismic data (Fig. 12). Note that
the stratigraphic sequence shown by the boreholes is inverted, implying
that they lie on the inverted limb of a fold.

6. Results, interpretation and discussion

The seismic sections show a series of gently to moderately dipping (e.
g., S1) and sometimes sub-horizontal (e.g., T1 and T2) reflections. Only
reflections R1-R1’ shows both, a sub-horizontal and a steeply dipping
character at different CDP ranges along P1 (Fig. 6). We interpret some of
these reflections based on the available geological observations, mag-
netic data and the visualization of the seismic sections as pseudo 3D
(Figs. 11-14). The results of 3D reflection traveltime modelling will also
be used to constrain the interpretations.

Fig. 13 shows the correlation between the downhole logs and the
migrated P1 and P2 sections. The projection of the borehole logs onto
the seismic sections shows that reflections S1 and R1-R3 correlate well
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with regions where a sharp change in velocity-density associated with
lithological changes occur. Boreholes BH2710 and BH2726 plunge 16.3°
and 13.5° towards the southeast, respectively (Fig. 1). BH2726 crosses
both P1 and P2; at 150 m depth intersects P2, while at 350 m depth
intersects P1. This is better depicted using 3D visualization of the data as
shown in Fig. 14b. According to BH2726 log data, two high acoustic
impedance contrast zones at 50 and 100 m depths (Fig. 12) correlate
with reflection S1 on the migrated section of P2 (Fig. 13d). Reflection S1
intersects both P1 and P2 (Fig. 10), showing a prominent dip towards
the southeast (Table 3). We speculate that reflection S1 originates from a
series of mafic (high velocity-density) intrusions. The reflection trav-
eltime modelling suggests that this reflection should also be observed on
the first 50 CDPs in P8, (between CDPs 100 and 150) at around 150 ms.
Unfortunately, P8 does not show this reflection due to the lack of near-
offset data (Fig. 9).

Reflections R1 and R2 also correlate reasonably well with regions of
significant impedance contrasts identified at the borehole logs (Fig. 13).
The set of reflections identified as R1 are related to the Zinkgruvan
Formation. This band of reflectivity clearly starts to be observed at
around 600 m, the depth at which the boundary between the Mar-
iedamm volcanic unit and Zinkgruvan Formation is found in BH2710
(Figs. 12 and 13c). Reflection R1’ (Fig. 13a, 14a-b) at 900 and 1650 m
depths has an out-of-the-plane nature and is associated with the top of
the Zinkgruvan Formation as it approaches P1 from the south and turns
as R1 into P1 from its eastern side. This means that R1’ and R1 have
identical origin, but they are seen at different offsets in P1 due to the
geometry of this boundary and that of the crooked seismic survey line.
The fact that R1’ features such a high amplitude implies a strong
impedance contrast such as the Zinkgruvan Formation hosting the
stratiform Zn-Pb-Ag-(Cu) mineralization (Jansson et al., 2017, 2018). In
Fig. 13a, R1 reflection features a depression at around 900 m depth,
between CDPs 300 and 500. The current model of the mineralization
(not presented here) shows a similar pattern at this region and depth
indicating that the Zinkgruvan Formation is affected by folding. The
seismic data clearly depict this depression and illustrate its power in
resolving such small features (Fig. 13a) when sufficient impedance
contrasts exist.
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Fig. 13. (a-b) Migrated stacked sections of P1 and P2 with projected (c-d) synthetic traces from BH2710, BH2726 and BH3991 showing how reflections R1 and R2
correlate with the Zinkgruvan Formation and reflection R2 with the top of the Vintergolen Formation. Black arrows mark different reflections detailed in the text.

Note the depicted depression of R1 reflection between 450 and 650 CDPs.

Borehole BH3991, which is located between P1 and P2 (Figs. 1 and
14c), intersects P1 seismic section at 800 m depth. This suggests that
reflection R2 is associated with the interbedded marble and skarn units
on top of the Zinkgruvan Formation, while the R2' can be related to the
boundary between the marble and skarn units of the Zinkgruvan For-
mation and the GBK rocks of the Vintergolen Formation (Figs. 2, 12 and
13c). If we project BH3991 onto P2 (Fig. 13d), the reflection R3 corre-
lates with the intercalation of GBK and quartzites within the Vintergolen
Formation. In fact, this unit is probably the reason for reflections R3 and
R4. Reflections R2 and R2’ are associated with the top and bottom of the
Zinkgruvan Formation. R1 reflection also corresponds to the boundary
between the Zinkgruvan Formation and the Mariedamm volcanic unit,
but as pointed out earlier, R1 migrates out of the section and from the
reflection traveltime modelling results it also as an out-of-the-plane
character (Figs. 12, 13a and 14). This means R1 has an oblique strike
to the orientation of both P1 and P2. These results suggest that the
Zinkgruvan Formation together with the ‘Emme Group’ plunge towards
the northeast, agreeing also with the previous studies of Kumpulainen

14

et al. (1996) and Jansson et al. (2017), Jansson et al. (2018). This
interpretation implies that the mineralization also dips locally towards
the northeast within the study block, making it a highly prospective
area. NS folding affecting the area will surely change its dip towards the
east.

We argue based on the available borehole data and the strong
amplitude nature of R1’ that it is located south of P1 and is likely from
the mineralization sitting within the crest of a folded smaller antiform
(of Zinkgruvan Formation) that plunges to the north (Fig. 1). As
mentioned earlier, the downhole data show that the Zinkgruvan For-
mation dips towards the NE at BH3991 and BH2726 (Fig. 12a-b), while
BH2710 (Fig. 12c) suggests that the formation presents a dip towards the
NW. Although from the seismic data we observed that the Zinkgruvan
Formation presents a dip towards the NE, as BH3991 and BH2726
indicate, the variation of the dip, observed from BH2710, where the
Zinkgruvan Formation is found at 600 m, could be related to a change of
the geological dip due to the NS folding that affects the Zinkgruvan
mining area (Figs. 1, 11 and 12).
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Fig. 14. Various 3D views of the migrated stacked sections of P1 and P2 showing how different reflections correlate in different boreholes (a) BH2710, (b) BH2726
and (c) BH3991. Note BH2726 intersects both profiles. The black arrows in the encapsulated maps show the perspective view of the 3D models.

7. Application of high-resolution seismics in noisy hard rock
settings

7.1. Relevance to deep mineral exploration

One of the key results of this study is the demonstration that seismic
methods can delineate key lithological boundaries that potentially host
base-metal deposits. Although the area is strongly deformed by two
different stages of folding and several fault systems, the Zinkgruvan
Formation that hosts the stratiform Zn-Pb-Ag-(Cu) mineralization can be
imaged on the shot gathers and stacked sections. Fig. 14 shows 3D views
of the migrated P1 and P2 sections that suggest that the bottom of the
Zinkgruvan Formation, where the base-metal deposits are located, can
be imaged by seismic data. This is encouraging and should open possi-
bilities to conduct additional seismic surveys in the Bergslagen district
for base-metal exploration in general. In this work, the seismic methods
have been proven to be effective in a tectonic setting such as Bergslagen,
because they have clearly mapped important mineral-bearing units and
can aid deep exploration in the district.

7.2. Seismic imaging with different receivers

The three seismic profiles presented here employed receiver spreads
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with different parameters (geophone natural frequency, sampling in-
terval and receiver spacing; Table 1). However, they all managed to
image several deep reflections (e.g., T1, T2 and S2), some of them with
an out-of-the-plane origin (Fig. 9). Nevertheless, a dominant feature of
the seismic data, particularly along P8 and the southern portion of P2, is
the high level of contamination with 50Hz periodic noise from the
power lines. While it is still possible to identify and image the most
energetic reflections such as T1, weaker reflections might have suffered
from severe notch filtering (Fig. 5a,b). When the quality of the P1 and P2
data is compared with that of P8, this fact (noisy nature of P8) is quite
notable. Therefore, we suggest that future surveys should benefit from
digital sensors. Brodic et al. (2015) and Brodic et al. (2017) illustrated
that MEMS (micro-electro-mechanical system) sensors are superior to
geophones in such cases, as they do not appear to pick up electric or
electromagnetic noise from power lines in urban and tunnel projects.
This can particularly be helpful in this part of the study area along the
power line.

7.3. Future studies

While this study provides a first-hand picture of the seismic data for
deep exploration in a noisy mining environment, more seismic profiles
are available, and their processing could provide additional constraints
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on the nature of different structures observed in this study. This will be
done soon, and the results integrated with those of the application of 3D
imaging tools (e.g., PSDM). Given the sparse acquisition lines and shots,
we, however, anticipate severe acquisition footprints (e.g., Cheraghi
et al.,, 2012; Malehmir et al., 2021) when 3D imaging algorithms are
used, an issue that will require careful dedication, which is beyond the
scope of this work.

8. Conclusions

Ten reflection seismic profiles have been acquired in the Zinkgruvan
geological complex and noisy mining area. Three seismic profiles have
been processed to image the main subsurface geological structures.
These profiles show various reflections from high quality, rich in
reflectivity, to noisy due to power lines and mining activities in the
underground mine. Nonetheless, clear reflections are observed in the
shot gathers thanks to the careful setup of the lines and source param-
eters used for the survey. 3D reflection traveltime modelling was com-
bined with borehole logs and geological and aeromagnetic maps, to
produce a joint subsurface interpretation of the study area. This helped
to capture the pseudo-3D orientation of the main reflections, understand
their possible out-of-the-plane nature and associate them with key
geological markers. In particular, two sets of reflections are interpreted
to originate from the Zinkgruvan Formation where mineralization is
hosted. This Formation shows various character and geometry in the
profiles with even a possible repetition due to its complex 3D geometry
footprint in the 2D sections. A general northeast dip is observed for these
reflections suggesting that deep targeting and exploration can focus in
this direction. Other reflections are interpreted to be from intrusions,
particularly the deeper ones as they can well be correlated with an NE-
SW striking magnetic lineament observed south of the study area.

This study shows how complementary high-resolution reflection
seismic data can be instrumental in helping to constrain large-scale
geological features in a mining environment. Although we used
different recorders with varying geophone natural frequency, strong
reflections were imaged in these profiles regardless of their different
seismic folds and lengths. Moreover, this study should open up new
possibilities for using reflection seismic methods for exploration and
geological mapping in the Bergslagen region, where the geology is
believed to be highly complex and affected by various tectonic stages
and metamorphism.
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